Abstract -A sampling current ratio bridge has been developed, tested and validated for the accurate complex ratio measurement of AC current transducers for primary currents up to 10 kA with expanded uncertainties of 5 • 10 -6 in magnitude and 5 µrad in phase (k = 2). A unique property of the system is the use of digitizers for sampling of the secondary current signals and step-down transformers with a large number of current ratios. This allows for the accurate calibration of a large variety of different current transformers and other types of current transducers.
I. INTRODUCTION
In the last few years, a new sampling current ratio bridge has been developed at VSL for the accurate measurement of the complex ratio of AC current transformers (CTs) for primary currents up to 10 kA [1] . In this bridge, the CT under test is compared to a reference CT developed and calibrated by NRC [2] . The sampling current ratio bridge consists of two measurement branches containing a step-down transformer, current buffer and high-accuracy digital voltmeter sampling the secondary current signals. This approach is fundamentally different from the more commonly used analogue ratio bridges. The main advantage is the flexibility in the current ratios that can be tested; even other current transducers such as Rogowski coils and other current to voltage converters can be directly compared to the reference CT by adapting one of the two measurement branches. Even with this flexibility, a ratio uncertainty (k=2) of 5 • 10 -6 in magnitude and 5 µrad in phase can be obtained for CT calibrations between 45 Hz and 65 Hz.
To validate the new current ratio bridge, different ratio windings of two reference CTs have been compared to each other. This paper describes the measurement setup and its latest modifications, and presents the first validation measurements. Calibration of the individual components of the sampling current ratio bridge has already been presented before [1] .
II. MEASUREMENT SET-UP

A. Principle of operation
The basic principle of the measurement set-up is presented in Fig. 1 and described in detail before [1] . The basic idea is that, when driving the same AC current through the primary windings in series, the complex ratio of the two secondary currents measured is equal to the complex ratio between the reference current ratio and the current ratio to be measured.
B. Modifications to the measurement branches
The primary current is generated by a power source feeding a generation coil to scale the current up to the kilo-amp range. A capacitance bank is used to compensate for the inductive load, minimizing the phase between current and voltage and therefore the reactive power required from the power source. The number of primary and secondary windings of the generation coil can be changed such that the power source can be used close to both its voltage and current compliance limits. Although the reference CT is only rated at 5 kA, it can be used for calibrating CTs up to 10 kA by using 2 turns as the primary winding of the CT under test. At a test current of 5 kA this corresponds to 10 kiloampere-turns, equivalent to the CT under test being operated at 10 kA.
Two electronically aided two-stage step-down transformers (SDTs) are used to scale the nominal secondary 5 A or 1 A currents down to 8 mA. The SDTs have 20 single-turn primary windings and six 125-turn secondary windings that can all be connected in series or in parallel resulting in a high flexibility. The secondary outputs of the SDTs are fed through 100  precision AC resistors being part of a current buffer that is directly connected to the voltmeter input to reduce the influence of capacitive loading of the buffers.
The output voltages of the current buffers are measured by two simultaneously triggered sampling voltmeters. Since the power source cannot be synchronized to the voltmeters, an asynchronous sampling algorithm is used. Compared to the original approach [1] , a significantly faster algorithm for frequency estimation is used, based on phase detection [3] . Furthermore, less samples per period are used in combination with a longer aperture time of 100 µs. The fundamental of the Fourier spectrum is used to determine the magnitude ratio of the two transformers and their phase difference. In order to suppress 50 Hz pickup, measurements are performed at 52.67 Hz and data sets of 1.5 s are analyzed. The spectrum of the waveforms after re-sampling shows peaks at 50 Hz and 52.67 Hz without any side lobes.
The individual components of the measurement branches have been investigated in great detail before [1] . For current ratios that do not differ more than a factor of 5 from the ratios of the reference CT, the uncertainty (k=2) of the bridge is 2 • 10 -6 in magnitude and 1 µrad in phase, whereas the linearity for currents between 1 % and 120 % of the nominal value is better than 4 • 10 -6 in magnitude and 2 µrad in phase.
C. Reference CTs
The reference CT is an electronically compensated twostage compact wideband multistage CT developed by NRC. It consists of two high-current CTs and one summing CT [2] , all with different and adjustable numbers of primary and secondary turns, such that they can be combined to measure primary currents between 5 A and 5 kA. The two high-current CTs, the summing CT, and their combination have been calibrated at NRC using a current comparator-based test set for measurements at 50 Hz [4] and an audio-frequency current comparator with estimated ratio errors of less than 1 • 10 -6 up to 5 kHz [5] . The ratio errors at 50 Hz are within 1 • 10 -6 in magnitude and 1 µrad in phase for the high-current CTs and within 3 • 10 -6 in magnitude and 3 µrad in phase for the summing CT and for the combination, for all primary currents up to 5 kA. The frequency dependence is within 20 • 10 -6 in magnitude and 20 µrad in phase for frequencies up to 5 kHz. The effect of increasing the burden from 0.1 Ω to 0.5 Ω is less than 1 • 10 -6 in magnitude and 1 µrad in phase at 50 Hz for all three CTs. The expanded uncertainty is 3 • 10 -6 in magnitude and 3 µrad in phase. These outstanding numbers make the CTs very reliable references.
III. VALIDATION OF THE COMPLETE SET-UP
As a cross-check and validation of the complete set-up, the reference CTs can be compared against each other by using the schematic setup of Fig.1 . The influence of the measurement branches can be cancelled out by interchanging the two reference CTs while keeping the rest of the setup as it is. These measurements can be performed at different nominal currents up to 2500 A. Different settings of the turns ratio can be used, and also different ratios can be compared to each other, although in the latter case the calibration of the two measurement branches (step-down transformer, current buffer and sampling voltmeter) cannot be cancelled out anymore.
A first test at 500 A comparing the two high-current CTs at their 100:1 nominal ratio showed a ratio difference of only (0.05 ± 0.05) • 10 -6 in magnitude and (0.00 ± 0.05) µrad in phase. When comparing the 50:2 ratio of the summing CT at 2.5 A and 25 A or its 100:2 nominal ratio at 5 A and 50 A with the 100:1 or 100:2 nominal ratio, respectively, of one of the two high-current CTs a difference in complex ratio within (1 ± 4) • 10 -6 for magnitude and (1 ± 4) µrad for phase was found, where the uncertainty reflects the root-sum-square of the NRC certificate values of the two CTs compared.
The burden dependence has been verified by connecting a burden to only one of the two CTs under test while leaving the other with no burden (i.e., the combined wiring and measurement branch impedance of 0.05 Ω). The effect of loading the CT with resistive burdens (cos φ = 1) of 0.1 Ω up to 0.8 Ω was found to be within 0.5 • 10 -6 in magnitude ratio and 1.0 µrad in phase displacement for both high-current CTs and the summing CT. Furthermore, the burden effect on the magnitude ratio for the secondary 200 turns winding (0.1 • 10 -6 ) is approximately two times as small as on the secondary 100 turns winding (0.2 • 10 -6 ), whereas for phase displacement the effect is approximately four times as small (0.7 µrad as compared to 0.2 µrad). For the secondary 400 turns winding the effect of burdens up to 0.8 Ω is negligible: less than 0.05 • 10 -6 in magnitude and 0.05 µrad in phase.
VI. CONCLUSION AND FUTURE WORK
The VSL sampling current ratio bridge for calibration of CTs and other current transducers with primary currents up to 10 kA at power frequencies has been tested and further optimized. A full validation of the bridge shows that the CT ratio uncertainty (k = 2) has been improved to 5 • 10 -6 in magnitude and 5 rad in phase. A bilateral comparison with NRC will be performed in the near future to underpin this uncertainty claim. An additional confirmation of the CT ratio bridge capabilities is expected to be achieved via participation in the EURAMET.EM-S37 comparison.
